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ABSTRACT 
Biosyntheses of proteins, nucleotides and fatty acids, are essential for the malignant 
proliferation and survival of cancer cells. Cumulating research findings show that amino acid 
restrictions are potential strategies for cancer interventions. Meanwhile, dietary strategies are 
popular among cancer patients. However, there is still lacking solid rationale to clarify what is 
the best strategy, why and how it is. Here, integrated analyses and comprehensive 
summaries for the abundances, signalling and functions of amino acids in proteomes, 
metabolism, immunity and food compositions, suggest that, intermittent fasting or intermittent 
dietary lysine restriction with normal maize as an intermittent staple food for days or weeks, 
might have the value and potential for cancer prevention or therapy. Moreover, dietary 
supplements were also discussed for cancer cachexia including dietary immunomodulatory. 
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INTRODUCTION 
Cancer is a complex disease. There are more than 100 distinct types of cancer but 
sharing common hallmarks, including sustaining proliferative signaling and evading growth 
suppressors 1,2. The anabolic and catabolic metabolisms of cancer cells must be 
reprogrammed to maintain their proliferation and survival, and may even hijack normal cells 
to create tumor microenvironment (TME) for tumorigenesis and avoiding immune destruction 
2. Due to the demands of cell growth and the needs of newly synthesized proteins as direct 
effectors of cellular activities, protein biosynthesis is the most energy-demanding process 
that accounts for ~33% of total ATP consumption 3,4,5. Interestingly, cumulating research 
findings have demonstrated that amino acid (AA) restrictions play roles in cancer 
interventions, including glycine restriction 6, serine starvation 7,8,9, leucine deprivation 10, 
glutamine blockade 11,12, asparagine 13 and methionine 14. These findings inspire and 
motivate a number of questions. Is there a common and effective metabolic intervention for 
cancer? For amino acids (AAs), which is the most heavily used AA in vivo? Which AA 
restriction is cell proliferation the most sensitive to? What kind of dietary strategies are 
practically available for cancer control? 
 
AA metabolism is the leading energy-consuming process 
The consumption and release profiles of 219 metabolites gave us glimpses of the 
anabolic and catabolic features of the NCI-60 cancer cell lines 6. The consumption profiles of 
cancer cells represented the homogeneous demands for energy metabolism and protein 
synthesis, which are vital biological processes for the malignant proliferation of cancer cells. 
The leading substrates consumed in cancer cells included glucose and AAs, such as 
tryptophan, tyrosine, phenylalanine, lysine, valine, methionine, serine, threonine, isoleucine, 
leucine and glutamine 6. Meanwhile, the releases features of the NCI-60 cancer cell lines 
showed the nonhomogeneous catabolism of glycolysis and tricarboxylic acid (TCA) cycle 6.  
 
Another common feature of the NCI-60 cancer cell lines was the releases of nucleotides 
and nucleobases 6, which demonstrated that cancer cells did not directly consume 
nucleobases and nucleotides for their anabolism. RNA/DNA synthesis is the second energy-
consuming process that contributes approximately 25% of total ATP consumption 3,4. It is well 
known that cells can use AAs (including asparate, glutamine, serine and glycine, Figure 1A) 
as carbon and nitrogen resources for the syntheses of nucleobases 15,16,17. Consequently, the 
AA metabolisms of cancer cells could use ~33-58% of the total energy expenditure (ATP) for 
protein synthesis and RNA/DNA synthesis (Figure 1B). From the system point of view, the 
energy expenditure of AA metabolisms might sufficiently underline the important and 
potential roles of AA restrictions in cancer interventions. 
 
Leucine is the most heavily used AA in human proteome 
Since the consumptions and metabolisms of AAs are the most demanding biological 
processes for cancer cell growth, the most heavily used AA for protein synthesis might be a 
potential candidate for dietary restriction in cancer therapy. Thus, the percentages of twenty 
AAs for all proteins in human proteome (Uniport: UP000005640) were counted, sorted and 
plotted from the largest to the smallest percentages for comparison (Figure 2A). As 
demonstrated, leucine is the most heavily used AA, serine is the second ranked, and 
tryptophan is the least used AA in the human proteome (Figure 2).     
 
Leucine is an essential AA (EAA), so that it is somewhat out of expectation that leucine 
ranks first. Leucine is not only necessary for protein synthesis, and also acts as a signaling 
molecule activating mechanistic target of rapamycin (mTOR) signaling through sestrin-2 that 
is a cytosolic leucine sensor 18,19,20,21. Interestingly, EAAs may ideally act as a key signal for 
amino acid availability. Specifically, leucine is one of branched chain AAs (BCAAs), which are 
not first catabolized in the liver due to the low activity of BCAA aminotransferase 22. 
Consequently, leucine increases rapidly in circulation after meal 22, and are readily available 
as an essential nutritional signal to reduce food intake via mTOR-dependent inhibition of 
hypothalamic Agouti-related protein (Agrp) gene expression 23,24.  
 
Although leucine is the highest enrichment AA in proteins, leucine deprivation showed 
modest effects on human breast cancer cells 10. The exceptional abundance of leucine in 
human proteome might partially explain its limited effects on cell proliferation since leucine in 
degraded proteins may efflux from lysosome to meet the demand of growth 25.  
 Serine is the second frequently used AA 
Serine is a non-essential AA (NEAA) and ranks second. Serine metabolism is altered 
and enhanced in cancer cells 26,27,28. The enhanced serine synthesis pathway could make 
significant contribution (~50%) to the anaplerosis of glutamine to a-ketoglutarate for 
mitochondrial TCA cycle 26. Serine starvation induced stress and promoted p53-independent 
and p53-dependent metabolic remodelling in cancer cells 7. Under the starvation of serine, 
the upregulation or enhancement of de novo serine synthesis pathway and oxidative 
phosphorylation were independent of p53, while the inhibition of nucleotide synthesis was 
dependent of p53-p21 activation so that the limited amount of de novo serine was shunted to 
glutathione production for the survival of cancer cells 7. Therefore, serine starvation might 
have a potential role in the treatment of p53-deficient tumors.  
 
Although glycine might be important for rapid cancer cell proliferation by supporting de 
novo purine nucleotide biosynthesis 6, glycine restriction alone didn’t have the same 
detrimental effect on cancer cells as serine starvation, which might be explained by the inter-
conversion between serine and glycine in one-carbon metabolism by serine hydroxymethyl 
transferase (SHMT) 7,15,16, especially the mitochondrial glycine synthesis enzyme SHMT2 6. 
Interestingly, the consumption and release profiles of the NCI-60 cancer cell lines 
demonstrated that glycine among AAs had the most heterogeneous pattern either consumed 
or released, whereas serine showed relatively homogenous consumption 6. Beyond the 
potential role of glycine restriction in blocking the rapid growth of certain cancer cells, the 
dietary supplement of glycine was also reported to inhibit the growth of certain types of 
tumors, such as liver tumors 29 and melanoma tumors 30. Therefore, the heterogeneous 
metabolism of glycine in cancer cells might account for its paradoxical effects.  
 
Lysine is a particularly important EAA 
NEAA restrictions play limited roles in cancer therapy since there are de novo synthesis 
pathways, such as serine 7. Therefore, EAAs were focused and plotted with a log scale so 
that we could have a close view of EAA enrichment profiles (Figure 2B). Lysine is particularly 
noteworthy (Figure 2B). The AA compositions (represented in percentages) of fourteen plants 
and nine animals were analyzed, and the AA medians and standard deviations (SD) of these 
proteomes were plotted and compared with human AA abundances (represented as the 
width of bubbles in Figure 2C). The relative abundances of AAs in plants, animals or human 
were almost identical with subtle differences, and lysine ranked in the middle upper level of 
AAs (Figure 2C). 
 
Those EAAs rich proteins might be particularly vulnerable to EAA restrictions, so that the 
3-sigma upper limit (median + 3x SD) was applied to sort EAA exceptional rich proteins 
(ERPs). The numbers of ERPs rang from 604 to 1298 for individual EAA. The averaged 
percentages (in median ± SD) of lysine, valine and leucine in human proteome were 5.26% ± 
3.27%, 5.88% ± 2.50% and 9.9% ± 3.71% respectively (Figure 2A). In comparison, the 
averaged percentages (in median ± SD) of lysine ERPs (n = 918), valine (n = 595) and 
leucine ERPs (n = 604) were 16.99% ± 3.65%, 14.89% ± 2.62% and 23.28% ± 4.5% 
respectively (Figure 2B). Interestingly, although the abundance of lysine in human proteome 
ranked third after leucine and valine (Figure 2A and 2C), the abundance of lysine ERPs 
ranked second only after leucine (Figure 2B). The lowest averaged percentage of ERPs was 
tryptophan ERPs (6.05% ± 1.86%, n = 1298) (Figure 2B).  
 
ERPs were further chosen for functional enrichment analysis with the web server of 
g:Profiler 31. To our surprise, none term of gene ontology – molecular function (GO-MF) was 
met the significant threshold (p < 0.001) for leucine, whereas lysine ERPs showed a number 
of enriched GO-MF terms including DNA/RNA/chromatin binding, structural constituent of 
ribosome, nucleosome binding and so on (Figure 2D). Together, these suggested that lysine 
and its ERPs were very important for cell functions, and that cell growth might be particularly 
vulnerable for lysine restriction. Indeed, lysine deprivation could completely block the 
proliferation of either p53-competent or p53-deficient cancer cells 7.  
 
Lysine deficiency related disease: kwashiorkor 
Kwashiorkor is a severe protein malnutrition disease of childhood associated with lysine 
deficiency in normal maize diet 32. Normal maize has more protein than rice but containing 
low levels of two EAAs - lysine and tryptophan, which lead to the imbalance of amino acids 
and malnutrition 32,33. Nowadays, maize as one of daily staples is biofortified and named as 
quality protein maize (QPM). QPM contains an opaque-2 gene. The opaque-2 gene codes a 
transcriptional activator so that QPM expresses more lysine and tryptophan rich proteins 33. 
In the Williams’ report about kwashiorkor first published in 1933 and republished in 1983, five 
cases were described in detail; all cases had a history of lacking breast-feeding, and were 
only fed with the food prepared from normal maize (cassava also used in case 5); it took four 
to twelve months for the development of the kwashiorkor disease in those children 32. 
According to the abundance of lysine and tryptophan as shown in Figure 2, lysine deficiency 
might be the leading cause for kwashiorkor since the averaged percentage of tryptophan in 
proteins was 1.17% ± 1.3% (median ± SD) and significantly less than the abundances of 
other AAs (Figure 2).  
 
Besides the important functions of lysine ERPs and the growth-halting effects of lysine 
deprivation discussed above, lysine is also a versatile AA modified by various modifications 
including methylation, acetylation, phosphorylation, malonylation, O-GlcNAcylation, 
SUMOylation, ubiquitination and lactoylation, especially those lysine residues in histones 
34,35,36. These post-translational modifications of lysine and its ERPs regulate the structures 
and functions of enzymes to expand the functional proteome 36, represent the crosstalk 
between metabolism and epignome 37, and also link cell signaling and metabolic 
reconfiguration to cell proliferation and differentiation 38. Thus, all these support that lysine is 
an important EAA, its ERPs and their modifications play indispensable roles in homeostasis, 
proliferation, differentiation and diseases including malnutrition and cancer. 
 
Tryptophan is the least used and available EAA 
Tryptophan is an interesting and unique AA, which is the least used (Figure 2A) and also 
the least available AA from animal or plant foods (Figure 2C). As an EAA, tryptophan cannot 
be synthesized in vivo, and must be acquired from foods. This particular characteristic of 
tryptophan gave its additional roles beyond as a necessity in protein synthesis. For instance, 
immune system could induce tryptophan degradation to inhibit the growth of certain cancer 
cells 39 via interferon gamma (IFN-g) upregulating the tryptophan-catabolizing activity of 
indoleamine 2,3-dioxygenase (IDO) 40. Meanwhile, cancer cells could use the same 
mechanism to impede and escape immune response in TME 41,42. Consequently, the clinical 
trials of IDO inhibitors showed limitations and off-target effects due to the multifaceted 
tryptophan metabolism 43. 
 
The metabolism of tryptophan might be the most complicated one among AAs, and was 
involved in the regulation of immunity, neuronal function and intestinal homeostasis 44. 
Majority (~95%) of absorbed tryptophan degraded via kynurenine pathway, in which IDOs 
and tryptophan-2,3-dioxygenase (TDO) were the main rate-limiting enzymes. Besides the 
usage for protein synthesis, a small fraction of tryptophan was catabolized by tryptophan 
hydroxylase (TPH) for the production of serotonin (5-hydroxytryptophan, 5-HT) and 
melatonin. Tryptophan and its metabolites were used and catabolized by various organs and 
cells to further generate bioactive metabolites, including neuroprotective kynurenic acid by 
astrocytes, neurotoxic quinolinic acid by microglia, neuromodulator tryptamine, immune 
suppressive metabolites (such as 3-hydroxykynurenine, 3-hydroxyanthranilic acid and 
xanthurenic acid) 44,42. The catabolism of tryptophan induced by IFN-g in cancer cells and 
macrophages showed that the catabolites of tryptophan differed in kynurenine, anthranilic 
acid and 3-hydroxyanthranilic acid 40. 
 
Tryptophan was mainly catabolized by TDO in liver, then oxidized to acetoacetyl-CoA 
and used for the synthesis of nicotinamide adenine dinucleotide (NAD+) 44. Thus, TDO 
knockout mice showed increased levels of tryptophan in plasma and 5-HT in the 
hippocampus and midbrain, and hence demonstrated anxiolytic modulation and adult 
neurogenesis 45, which was consistent to the cumulated evidence about the role of 5-HT in 
neurogenesis and anti-depression recently intensively reviewed by us 46,47. It was also well 
known decades ago that 5-HT was involved in food intake and mood 48, and recent research 
focused on the functional modulation of 5-HT6 receptor including its agonists and antagonists 
49,50. Both the agonists and antagonists of 5-HT6 receptor could reduce food intake 49,50, 
which suggested that the activation curve of 5-HT6 receptor was likely a bell shape and that a 
proper concentration of 5-HT might increase food intake through 5-HT6 receptor. In short, 
tryptophan metabolism and its catabolites played active roles in proliferation, immunity
neurogenesis, anxiety, depression and food intake under physiological conditions. 
 
AA signalling in metabolism and beyond 
There are two amino acid-sensing kinases: mTOR complex 1 (mTORC1) and general 
control nonderepressible 2 (GCN2). The landmark findings of AA sensors and signalling were 
emerging in recent five years (Figure 3). Besides that sestrin-2 was identified as the leucine 
sensor mentioned above 18,19, progress about AA sensors was recently reviewed as a part of 
mTOR-mediated nutrient and growth signalling 51,20,21. Briefly, arginine has two sensors: a 
cytosol sensor is cellular arginine sensor for mTORC1 (CASTOR1) 52,53, and SLC38A9 is a 
lysosomal arginine sensor 54,55. methionine is indirectly sensed as S-adenosylmethionine 
(SAM), which is sensed by SAM sensor upstream of mTORC1 (SAMTOR) 56. ADP 
ribosylation factor 1 (Arf-1) relays the glutamine signals to mTORC1 activation, which is 
independent of the Rag GTPases 57.  
 
Considering the importance of lysine and its ERPs, lysine sensor might be a remaining 
missing piece of the jigsaw (Figure 3). Lysyl-transfer RNA (lysyl-tRNA) synthetase (KRS) 
might act as one of potential lysine sensors, since that KRS has noncanonical roles as a 
secreting or nucleus-translatable signaling molecule in immune response 58,59. Interestingly, 
leucyl-tRNA synthetase (LRS) was demonstrated as an intracellular leucine sensor 60,61. 
Moreover, the noncanonical activities of aminoacyl-tRNA synthetases were reported for 
methionyl-tRNA synthetase stimulating rRNA biogenesis 62, glutaminyl-tRNA synthetase 
blocking apoptosis 63, tyrosyl-tRNA synthetase 64 and tryptophanyl-tRNA synthetase 65,66 
acting as cytokines. 
 
Methionine is the penultimate EAA (Figure 2B,C). Methionine is essential for the 
initiation of protein synthesis, while N-formylmethionine-tRNA generated in mitochondrial 
folate cycle is the initiator of mitochondrial protein synthesis 67 (Figure 3). SAM provides the 
methyl group for epigenetic modification. The methionine cycle coupling with mitochondrial 
energy metabolism produces SAM, so that SAMTOR might sense not only methionine, also 
one-carbon resource and energy levels. The methionine cycle and folate cycle are two 
functional modules connected and involved in one-carbon metabolism 15,16,68. Serine acts as 
one-carbon donor and tetrahydrofolate (THF) serve as one-carbon receptor in the folate 
cycle 16. In the methionine synthase reaction (vitamin B12 as a essential cofactor), methyl-
THF donates its methyl group via vitamin B12 to homocysteine to produce methionine and 
THF 69. The one-carbon metabolism of cancer cell may mobilize multiple carbon sources 
including glucose, serine, threonine, glycine, formate, histidine and choline 68. The syntheses 
of pyrimidine and purine nucleotides require carbon and nitrogen sources, which rely on AA 
metabolism and the folate cycle in accordance with the energy metabolism and activities of 
mitochondria 17. In the folate cycle, THF is an essential factor for nucleotide synthesis and 
the survival of cancer cells, and formyl-THF serves as one-carbon reserve 68. Clearly, one-
carbon metabolism is essential for multiple physiological processes (Figure 3) including 
nucleotide metabolism (especially purine synthesis), glutathione (synthesized from 
glutamate, cysteine and glycine) and NAPDH synthesis for antioxidant defense 17,68. 
Consequently, one-carbon metabolism and nucleotide metabolism were altered and involved 
in the effects of the restrictions of glycine, serine and methionine 6,7,14. Interestingly, the 
dietary supplementation of histidine upregulated the histidine degradation pathway to deplete 
THF and then enhanced the sensitivity of cancer cells to methotrexate, an inhibitor of 
dihydrofolate reductase for THF synthesis 70. 
 
As mentioned, there are two amino acid-sensing kinases: mTORC1 and GCN2. The 
availabilities of AAs are perceived by their sensors for the activation of mTORC1 signalling. 
Whereas, AA deficiency is sensed by GCN2 through binding to uncharged tRNA (Figure 3). 
GCN2 remains phosphorylated under normal condition and dephosphorylated under AA 
starvation with a higher affinity to tRNA 71. Consequently, GCN2 activation by uncharged 
tRNA represses the translation of most mRNAs via the phosphorylation of eukaryotic 
initiation factor 2 alpha (eIF2a) but selectively increases the translation of activating 
transcription factor 4 (ATF4, its yeast ortholog GCN4) 72,73. ATF4, a transcriptional master 
regulator of AA metabolism and stress responses (Figure 3), can upregulate AA metabolism 
including AA synthetases (including asparagine and serine), transporters (such as glutamine) 
and sensors for cancer cell proliferation via the cooperation of KDM4C-mediated H3K9 
demethylation and ATF4-mediated transactivation 74,75. Under AA deprivation, GCN2 induces 
the expression of sestrin-2 via ATF4 for sustaining the inhibition of mTOR signalling74.  
 AA metabolism in immune evasion and response 
As mentioned in the tryptophan section, the deprivation of the lowest available EAA - 
tryptophan (Figure 2) was utilized either by immune system for defense or by cancer cells for 
immune escape in TME. In addition to IFN-g upregulating the tryptophan-catabolizing activity 
of IDO 40, transforming growth factor beta (TGF-b) reduced nitric oxide synthase (NOS) and 
stimulated the activity of arginase 1 (ARG1) in macrophages 76. The abnormal catabolism of 
tryptophan and arginine is a common TME hallmark 42. The depletion of tryptophan77 or 
arginine78,79 led to the proliferative arrest, anergy induction or apoptosis of T cells via GCN2 
activation 78,80. Arginine and tryptophan catabolism were functionally related in IFN-g-primed 
macrophagocytes. Arginine catabolism decreased the consumption of tryptophan through 
that nitric oxide generated by NOS inhibits the activity of IDO in mononuclear cells or 
monocyte-derived macrophages 81. Cancer cells with the expression of IDO recruited and 
activated myeloid-derived suppressor cells (MDSCs) in TME for immune suppression 82. 
MDSCs with high ARG1 activity depleted arginine and impaired T cell proliferation and 
cytokine production accounting for tumor evasion 79.  
 
Interestingly, increasing the extracellular tryptophan concentration resulted in a linear 
induction of tryptophan catabolism by macrophages, but significantly decreased the 
tryptophan catabolism in most of cancer cells 40. Whereas, extracellular tryptophan didn’t 
affect the metabolism of dermal fibroblasts, which was consistent to the level of tryptophan 
as the least used AA (Figure 2). Among those immune suppressive metabolites of tryptophan 
mentioned in tryptophan section, xanthurenic acid can inhibit sepiapterin reductase to block 
the synthesis of tetrahydrobiopterin (BH4), which is an essential cofactor for aromatic amino 
acid hydroxylases and NOS, and also required for T cell proliferation 83. In conclusion, these 
findings together might suggest that dietary supplements of tryptophan and arginine with 
BH4 have potential to enhance anticancer immunity.  
 
Particularly, besides the induction of tryptophan degradation for cell growth inhibition, 
IFN-g inhibited tumor cell growth more extensively by the depletion of NAD+ via activating 
poly (ADP-ribose) polymerase family member 1 (PARP1), which was also known as 
adenosine diphosphate ribosyl transferase (ADPRT) 39. Both inhibitory mechanisms induced 
by IFN-g appeared to be sensitive to reactive oxygen species (ROS) and inverse proportional 
to glutathione concentrations 39. These might suggest that dietary restrictions of serine, 
glycine, cysteine or glutamate might enhance the inhibitory effect of IFN-g via decreasing 
intracellular glutathione, which was matching that manipulating ROS could modulate the 
responses of tumors to ROS and the survival of cancer cells under serine and/or glycine 
starvations 7,9. Moreover, the dietary supplement of tryptophan might enhance the 
proliferation of immune cells but not much affect the inhibitory effect of IFN-g especially via 
NAD+ depletion in cancer cells.  
 
Dietary strategies for cancer therapy  
From the standpoint of energy expenditure and anabolism for cell growth, AA restriction 
might be an effective metabolic intervention for cancer since the energy expenditure (ATP) of 
AA metabolism is up to ~58% for protein and nucleotide syntheses (Figure 1). Although 
leucine is the most heavily used AA in human, plants and animals (Figure 2), lysine rather 
than leucine is likely the AA which deprivation cell proliferation is the most sensitive to. At cell 
and disease levels, the magnitude of lysine value was demonstrated by that lysine restriction 
completely blocked the proliferation of cancer cells 7, and that lysine deficiency caused 
human childhood malnutrition disease - kwashiorkor 32. Tumor progression represents the 
survival and outgrowth of cancer cells from the battle with normal cells and immune system 
in TME. It is possible to gain time for tipping the scale of the battle in favor of anticancer 
immune responses by an effective metabolic intervention to inhibit the proliferation of cancer 
cells. For lysine restriction, it might be safe to be applied intermittently for days or weeks, 
even one or two months since it took 4-12 months for the disease development of 
kwashiorkor. Consequently, intermittent dietary lysine restriction might have the value and 
potential as a practically available dietary strategy for cancer therapy. 
 
AA compositions in foods  
From a practical perspective, valuable dietary intervention using daily foods is great 
convenient for cancer prevention or therapy. Therefore, AA compositions of foods were 
collected from the website of the Food and Agriculture Organization (FAO) of the United 
Nations, including “Amino-acid content of foods and biological data on proteins” 84 and 
“amino acid composition of feedstuffs available in the Philippines” of “the table 46 in 
Aquaculture feed and fertilizer resource atlas of the Philippines” 85. The FAO information 
including ~300 foods was integrated, summarized and represented as a heatmap for the 
visualization and comparison of AA abundances in 11 FAO food terms (Figure 4A), where the 
green represented low abundances of AAs while the red represented the enrichment of AAs. 
The AA heatmap has unambiguously demonstrated that some FAO terms almost all contain 
low level of protein, including starch roots and tubers, vegetables or fruit (Figure 4A and 4B). 
 
Practical dietary AA restriction 
Due to the deficiency of lysine and tryptophan, nowadays normal maize is mainly used 
as feedstuffs, such as in Philippines. In Figure 4B, QPM (maize opaque-2) is used as a 
reference for AA abundances (Figure 4B). Normal maize from Philippines, China and USA 
are all low in lysine which abundance is about one-sixth of the value in QPM (Figure 4B), and 
tryptophan abundance in normal maize is about half of the value in QPM. Considering the 
potential application of intermittent lysine restriction in cancer prevention or therapy, normal 
maize might have medical value as an intermittent staple food for days or weeks for lysine 
restriction meanwhile avoiding protein malnutrition. In addition, some common starchy foods, 
vegetables and fruit in these FAO terms are chosen and recommended in Figure 4B, which 
can serve as complementary foods to meet daily micronutrient needs and for a rich and 
varied diet. 
 
Besides the intermittent dietary restriction of lysine with normal maize, intermittent globe 
AA restriction is also practically feasible and beneficial by well-documented intermittent 
fasting 86,87,88,89, or using those common foods in Figure 4B except cereals and grain 
products with great cautiousness for protein malnutrition. As summarized above, different AA 
restrictions have various effects on cancer cells including proliferation inhibition, metastasis 
suppression (such as asparagine restriction) 13, sensitivity to chemotherapeutic drugs and 
immune escape. On the other hand, various AA supplements also have beneficial effects on 
cancer care, like glycine supplemented for inhibiting certain cancer cells (including 
melanoma and liver tumors) and dietary supplementation of histidine for increasing sensitivity 
to methotrexate. Dietary supplements of tryptophan and arginine with BH4 might enhance 
anticancer immunity.  
 
Cancer cachexia, a complex metabolic syndrome, was estimated to account for ~20% of 
the death of cancer patients especially when there was 30% weight loss 90. It was estimated 
that ~50-86% of cancer patients would eventually suffer a syndrome of cachexia with 
anorexia 91. The levels of AAs were low in cancer cachexia 92,93. A standard treatment of 
patients with cancer cachexia remains elusive 94, and nutritional interventions lacking 
standard criteria showed heterogenous and limited beneficial clinical outcomes but some 
improvements to quality of life 95. With a bold guess, cancer cachexia is likely a severe type 
of global AA restriction suffered for a long period, which might be an ultimate strategy used 
by the own organism of patients to fight cancer. Based on the summarized AA signalling and 
metabolism, dietary supplements of arginine, methionine and lysine might be particularly 
important and necessary to stimulate protein synthesis via activating mTOR signalling for 
cancer cachexia. The supplement or restriction of leucine need careful deliberation because 
that leucine acts as a key inhibitory signal for food intake, plays an indispensable role in 
activating mTOR signalling, and is the most enriched AA in degraded and recycled proteins. 
A proper amount of the dietary tryptophan supplement might be helpful to improving anorexia 
for patients with cancer cachexia since the role of tryptophan metabolites in food intake and 
mood. 
 
There are at least five types of diets popular among cancer patients, including the 
alkaline, paleolithic, ketogenic, vegan and macrobiotic diets 96. As Zick et. al. summarized, 
these diets lacked solid scientific rationales, or convincing evidence for beneficial effects on 
cancer 96. Cancer patients pursued these diets for a long period would suffer various nutrient 
insufficiencies 96, such as vitamin D and vitamin B12, necessary for calcium homeostasis and 
maintaining one-carbon metabolism respectively. One common merit of these diets was that 
all emphasized eating vegetables, which met the comprehensive dietary guildelines of World 
Cancer Research Fund/American Institute of Cancer Research (WCRF/AICR) 97. In the 
WCRF/AICR recommendations 97, it was advised to “eat a diet rich in wholegrains, 
vegetables, fruit and beans”, “limit consumption of red and processed meat” and so on. 
Overall, the dietary strategies of intermittent lysine restriction or intermittent globe AA 
restriction (such as intermittent fasting) are largely consistent to these rules with extra 
attention for protein malnutrition. However, it remains unclear so far how much benefit of 
vegetables in cancer control might be contributed by its low protein abundance (Figure 4B).  
 
Dietary immunomodulatory 
The adage “the best defense is a good offense” also applies here: boosting immune 
system is a good offense while halt of cancer proliferation with AA restriction is relative 
defensive. It will further tip the scale of the battle to beat cancer cells if the immune system 
can be boosted simultaneously with effective metabolic interventions.  
 
Immunonutrition has been investigated for decades, including arginine, glutamine, 
cysteine, n-3 fatty acids, nucleotides vitamins and trace elements 98. However, according to 
the latest systematic review and meta-analysis 99, immunonutrition alone didn’t reduce all-
cause mortality of cancer patients although reduces postoperative infection complications. In 
1998, Vanderhoof conjectured the immunomodulatory effects of carbohydrates, which had 
little attention and few literature at that time 100. Vanderhoof pointed out that “most of the non-
energy-related effects of carbohydrates can be related to short-chain fatty acid (SCFA) 
production”. Interesting, in contrast to the inhibition of glutamine-utilized metabolism in 
cancer cells, activated T cells could adapt to glutamine blockade through the upregulation of 
acetate metabolism to maintain energy (especially ATP) and NADPH homeostasis 12. The 
adaptation capability of T cells suggested that SCFAs (including acetate, propionate and 
butyrate) could be used for maintaining the metabolism of immune cells under AA restriction, 
and also provided an explanation to the immunomodulatory effects of carbohydrates, 
especially oligosaccharides and dietary fiber 100,101. Most grains (including wheat, rye and 
barley) contain insoluble fiber, while oats mainly have a soluble fiber in the form of b-glucan 
100. These soluble or insoluble fiber can yield the high production of SCFAs (acetate ~60%) in 
the caecum and proximal colon 101. b-glucans, a group of polysaccharides also rich in the cell 
wall of bacteria and fungi such as mushrooms, have strong immunomodulatory effects in 
cancer control 102,103,104. Mushrooms rich in b-glucan also can serve as a source of dietary 
fiber 105 and for AA restriction (Figure 4B).  
 
Mushrooms are used in traditional Chinese medicine (TCM) for centuries. Importantly, 
TCM demonstrated immunomodulatory effects in the prevention and treatment of severe 
acute respiratory syndrome (SARS) using herbal prescriptions based on the theory (Treatise 
on Exogenous Febrile Diseases and Miscellaneous Diseases) of Zhongjing Zhang, the father 
of TCM 106,107. The TCM prescriptions for SARS prevention might will have therapeutical 
effects on cancer cachexia since those validated herbal prescriptions of TCM during 2003 
SARS outbreak might effectively boost the immune system with a status of natural AA 
restriction. If necessary, supplement tryptophan, arginine and BH4 with immunotherapies to 
enhance the proliferation and function of T cells. 
 
Acknowledgements 
The author thanks all researchers in the related fields for their works that have made this 
comprehensive summary possible. The author is also grateful to the many authors for their 
papers that were uncited due to the limited space. The author is grateful for Cizhong Jiang 
and Liyong Wang’s discussions about enrichment analysis. The author appreciates the 
support of the First Affiliated Hospital of Zhengzhou University. 
 
Abbreviations 
5-HT: 5-hydroxytryptophan, serotonin  
AA: Amino acid 
AAs: Amino acids 
Arf-1: ADP ribosylation factor 1 
ARG1: Arginase 1 
BH4: tetrahydrobiopterin 
CASTOR1: Cytosol sensor is cellular arginine sensor for mTORC1 
EAA: Essential amino acid  
GCN2: General control nonderepressible 2 
IFN-g: Interferon gamma 
KRS: Lysyl-tRNA synthetase 
LRS: Leucyl-tRNA synthetase 
MDSCs: Myeloid-derived suppressor cells 
mTOR: Mechanistic target of rapamycin  
mTORC1: mTOR complex 1  
NEAA: Non-essential amino acid 
SAM: S-adenosylmethionine 
SAMTOR: SAM sensor upstream of mTORC1 
TPH: Tryptophan hydroxylase 
IDO: Indoleamine 2,3-dioxygenase 
TDO: Tryptophan-2,3-dioxygenase 
TGF-b: Transforming growth factor beta 
tRNA: transfer RNA 
REFERENCE 
1. Hanahan, D. & Weinberg, R. A. The Hallmarks of Cancer. Cell 100, 57–70 (2000). 
2. Hanahan, D. & Weinberg, R. A. Hallmarks of Cancer: The Next Generation. Cell 144, 646–674 (2011). 
3. Buttgereit, F. & Brand, M. D. A hierarchy of ATP-consuming processes in mammalian cells. Biochem. J. 312, 163–
167 (1995). 
4. Rolfe, D. F. & Brown, G. C. Cellular energy utilization and molecular origin of standard metabolic rate in mammals. 
Physiol. Rev. 77, 731–758 (1997). 
5. Li, G.-W., Burkhardt, D., Gross, C. & Weissman, J. S. Quantifying absolute protein synthesis rates reveals principles 
underlying allocation of cellular resources. Cell 157, 624–635 (2014). 
6. Jain, M. et al. Metabolite Profiling Identifies a Key Role for Glycine in Rapid Cancer Cell Proliferation. Science 336, 
1040–1044 (2012). 
7. Maddocks, O. D. K. et al. Serine starvation induces stress and p53-dependent metabolic remodelling in cancer 
cells. Nature 493, 542–546 (2013). 
8. Gravel, S.-P. et al. Serine Deprivation Enhances Antineoplastic Activity of Biguanides. Cancer Res. 74, 7521–7533 
(2014). 
9. Maddocks, O. D. K. et al. Modulating the therapeutic response of tumours to dietary serine and glycine starvation. 
Nature 544, 372–376 (2017). 
10. Xiao, F. et al. Leucine deprivation inhibits proliferation and induces apoptosis of human breast cancer cells via 
fatty acid synthase. Oncotarget 7, 63679 (2016). 
11. Chen, L. & Cui, H. Targeting Glutamine Induces Apoptosis: A Cancer Therapy Approach. Int. J. Mol. Sci. 16, 22830–
22855 (2015). 
12. Leone, R. D. et al. Glutamine blockade induces divergent metabolic programs to overcome tumor immune 
evasion. Science 366, 1013–1021 (2019). 
13. Knott, S. R. V. et al. Asparagine bioavailability governs metastasis in a model of breast cancer. Nature 554, 378–
381 (2018). 
14. Gao, X. et al. Dietary methionine influences therapy in mouse cancer models and alters human metabolism. 
Nature 572, 397–401 (2019). 
15. Locasale, J. W. Serine, glycine and one-carbon units: cancer metabolism in full circle. Nat. Rev. Cancer 13, 572–
583 (2013). 
16. Yang, M. & Vousden, K. H. Serine and one-carbon metabolism in cancer. Nat. Rev. Cancer 16, 650–662 (2016). 
17. Zhu, J. & Thompson, C. B. Metabolic regulation of cell growth and proliferation. Nat. Rev. Mol. Cell Biol. 20, 436–
450 (2019). 
18. Wolfson, R. L. et al. Sestrin2 is a leucine sensor for the mTORC1 pathway. Science 351, 43–48 (2016). 
19. Saxton, R. A. et al. Structural basis for leucine sensing by the Sestrin2-mTORC1 pathway. Science 351, 53–58 
(2016). 
20. Kim, J. & Guan, K.-L. mTOR as a central hub of nutrient signalling and cell growth. Nat. Cell Biol. 21, 63–71 (2019). 
21. Condon, K. J. & Sabatini, D. M. Nutrient regulation of mTORC1 at a glance. J. Cell Sci. 132, (2019). 
22. Holeček, M. Branched-chain amino acids in health and disease: metabolism, alterations in blood plasma, and as 
supplements. Nutr. Metab. 15, 33 (2018). 
23. Morrison, C. D., Xi, X., White, C. L., Ye, J. & Martin, R. J. Amino acids inhibit Agrp gene expression via an mTOR-
dependent mechanism. Am. J. Physiol. Endocrinol. Metab. 293, E165–E171 (2007). 
24. Potier, M., Darcel, N. & Tomé, D. Protein, amino acids and the control of food intake. Curr. Opin. Clin. Nutr. Metab. 
Care 12, 54–58 (2009). 
25. Wyant, G. A. et al. mTORC1 Activator SLC38A9 Is Required to Efflux Essential Amino Acids from Lysosomes and 
Use Protein as a Nutrient. Cell 171, 642-654.e12 (2017). 
26. Possemato, R. et al. Functional genomics reveal that the serine synthesis pathway is essential in breast cancer. 
Nature 476, 346–350 (2011). 
27. Pollari, S. et al. Enhanced serine production by bone metastatic breast cancer cells stimulates osteoclastogenesis. 
Breast Cancer Res. Treat. 125, 421–430 (2011). 
28. Locasale, J. W. & Cantley, L. C. Genetic selection for enhanced serine metabolism in cancer development. Cell 
Cycle Georget. Tex 10, 3812–3813 (2011). 
29. Rose, M. L. et al. Dietary glycine prevents the development of liver tumors caused by the peroxisome proliferator 
WY-14,643. Carcinogenesis 20, 2075–2081 (1999). 
30. Rose, M. L., Madren, J., Bunzendahl, H. & Thurman, R. G. Dietary glycine inhibits the growth of B16 melanoma 
tumors in mice. Carcinogenesis 20, 793–798 (1999). 
31. Raudvere, U. et al. g:Profiler: a web server for functional enrichment analysis and conversions of gene lists (2019 
update). Nucleic Acids Res. 47, W191–W198 (2019). 
32. Williams, C. D. Fifty years ago. Archives of Diseases in Childhood 1933. A nutritional disease of childhood 
associated with a maize diet. Arch. Dis. Child. 58, 550–560 (1983). 
33. Tripathy, S. K. Quality Protein Maize (QPM): A Way Forward for Food and Nutritional Security. Genomics Appl. 
Biol. 10, (2019). 
34. Zhao, Y. & Garcia, B. A. Comprehensive Catalog of Currently Documented Histone Modifications. Cold Spring Harb. 
Perspect. Biol. 7, (2015). 
35. Zhang, D. et al. Metabolic regulation of gene expression by histone lactylation. Nature 574, 575–580 (2019). 
36. Gaffney, D. O. et al. Non-enzymatic Lysine Lactoylation of Glycolytic Enzymes. Cell Chem. Biol. (2019) 
doi:10.1016/j.chembiol.2019.11.005. 
37. Matilainen, O., Quirós, P. M. & Auwerx, J. Mitochondria and Epigenetics – Crosstalk in Homeostasis and Stress. 
Trends Cell Biol. 27, 453–463 (2017). 
38. Agathocleous, M. & Harris, W. A. Metabolism in physiological cell proliferation and differentiation. Trends Cell 
Biol. 23, 484–492 (2013). 
39. Aune, T. M. & Pogue, S. L. Inhibition of tumor cell growth by interferon-gamma is mediated by two distinct 
mechanisms dependent upon oxygen tension: induction of tryptophan degradation and depletion of 
intracellular nicotinamide adenine dinucleotide. J. Clin. Invest. 84, 863–875 (1989). 
40. Werner-Felmayer, G. et al. Characteristics of interferon induced tryptophan metabolism in human cells in vitro. 
Biochim. Biophys. Acta 1012, 140–147 (1989). 
41. Platten, M., von Knebel Doeberitz, N., Oezen, I., Wick, W. & Ochs, K. Cancer Immunotherapy by Targeting 
IDO1/TDO and Their Downstream Effectors. Front. Immunol. 5, (2015). 
42. Lemos, H., Huang, L., Prendergast, G. C. & Mellor, A. L. Immune control by amino acid catabolism during 
tumorigenesis and therapy. Nat. Rev. Cancer 19, 162–175 (2019). 
43. Günther, J., Däbritz, J. & Wirthgen, E. Limitations and Off-Target Effects of Tryptophan-Related IDO Inhibitors in 
Cancer Treatment. Front. Immunol. 10, (2019). 
44. Platten, M., Nollen, E. A. A., Röhrig, U. F., Fallarino, F. & Opitz, C. A. Tryptophan metabolism as a common 
therapeutic target in cancer, neurodegeneration and beyond. Nat. Rev. Drug Discov. 18, 379–401 (2019). 
45. Kanai, M. et al. Tryptophan 2,3-dioxygenase is a key modulator of physiological neurogenesis and anxiety-related 
behavior in mice. Mol. Brain 2, 8 (2009). 
46. Liu, P.-P., Xie, Y., Meng, X.-Y. & Kang, J.-S. History and progress of hypotheses and clinical trials for Alzheimer’s 
disease. Signal Transduct. Target. Ther. 4, 29, 1–22 (2019). 
47. Xie, Y., Liu, P.-P., Lian, Y.-J., Liu, H.-B. & Kang, J.-S. The effect of selective serotonin reuptake inhibitors on cognitive 
function in patients with Alzheimer’s disease and vascular dementia: focusing on fluoxetine with long follow-up 
periods. Signal Transduct. Target. Ther. 4, 30, 1–3 (2019). 
48. Kaye, W. H. & Weltzin, T. E. Serotonin activity in anorexia and bulimia nervosa: relationship to the modulation of 
feeding and mood. J. Clin. Psychiatry 52 Suppl, 41–48 (1991). 
49. Karila, D. et al. Therapeutic Potential of 5-HT6 Receptor Agonists. J. Med. Chem. 58, 7901–7912 (2015). 
50. Kotańska, M. et al. Idalopirdine, a selective 5-HT6 receptor antagonist, reduces food intake and body weight in a 
model of excessive eating. Metab. Brain Dis. 33, 733–740 (2018). 
51. Wang, Y.-P. & Lei, Q.-Y. Metabolite sensing and signaling in cell metabolism. Signal Transduct. Target. Ther. 3, 1–9 
(2018). 
52. Chantranupong, L. et al. The CASTOR proteins are arginine sensors for the mTORC1 pathway. Cell 165, 153–164 
(2016). 
53. Saxton, R. A., Chantranupong, L., Knockenhauer, K. E., Schwartz, T. U. & Sabatini, D. M. Mechanism of arginine 
sensing by CASTOR1 upstream of mTORC1. Nature 536, 229 (2016). 
54. Wang, S. et al. Metabolism. Lysosomal amino acid transporter SLC38A9 signals arginine sufficiency to mTORC1. 
Science 347, 188–194 (2015). 
55. Jung, J., Genau, H. M. & Behrends, C. Amino Acid-Dependent mTORC1 Regulation by the Lysosomal Membrane 
Protein SLC38A9. Mol. Cell. Biol. 35, 2479–2494 (2015). 
56. Gu, X. et al. SAMTOR is an S-adenosylmethionine sensor for the mTORC1 pathway. Science 358, 813–818 (2017). 
57. Jewell, J. L. et al. Metabolism. Differential regulation of mTORC1 by leucine and glutamine. Science 347, 194–198 
(2015). 
58. Park, S. G. et al. Human lysyl-tRNA synthetase is secreted to trigger proinflammatory response. Proc. Natl. Acad. 
Sci. U. S. A. 102, 6356–6361 (2005). 
59. Yannay-Cohen, N. et al. LysRS Serves as a Key Signaling Molecule in the Immune Response by Regulating Gene 
Expression. Mol. Cell 34, 603–611 (2009). 
60. Han, J. M. et al. Leucyl-tRNA synthetase is an intracellular leucine sensor for the mTORC1-signaling pathway. Cell 
149, 410–424 (2012). 
61. Yoon, I. et al. Glucose-dependent control of leucine metabolism by leucyl-tRNA synthetase 1. Science 367, 205–
210 (2020). 
62. Ko, Y.-G., Kang, Y.-S., Kim, E.-K., Park, S. G. & Kim, S. Nucleolar Localization of Human Methionyl–Trna Synthetase 
and Its Role in Ribosomal RNA Synthesis. J. Cell Biol. 149, 567–574 (2000). 
63. Ko, Y.-G. et al. Glutamine-dependent Antiapoptotic Interaction of Human Glutaminyl-tRNA Synthetase with 
Apoptosis Signal-regulating Kinase 1. J. Biol. Chem. 276, 6030–6036 (2001). 
64. Wakasugi, K. & Schimmel, P. Two distinct cytokines released from a human aminoacyl-tRNA synthetase. Science 
284, 147–151 (1999). 
65. Tolstrup, A. B., Bejder, A., Fleckner, J. & Justesen, J. Transcriptional Regulation of the Interferon--inducible 
Tryptophanyl-tRNA Synthetase Includes Alternative Splicing. J. Biol. Chem. 270, 397–403 (1995). 
66. Wakasugi, K. et al. A human aminoacyl-tRNA synthetase as a regulator of angiogenesis. Proc. Natl. Acad. Sci. U. 
S. A. 99, 173–177 (2002). 
67. Tucker, E. J. et al. Mutations in MTFMT underlie a human disorder of formylation causing impaired mitochondrial 
translation. Cell Metab. 14, 428–434 (2011). 
68. Ducker, G. S. & Rabinowitz, J. D. One-Carbon Metabolism in Health and Disease. Cell Metab. 25, 27 (2017). 
69. Scott, J. M. & Weir, D. G. The methyl folate trap. A physiological response in man to prevent methyl group 
deficiency in kwashiorkor (methionine deficiency) and an explanation for folic-acid induced exacerbation of 
subacute combined degeneration in pernicious anaemia. Lancet Lond. Engl. 2, 337–340 (1981). 
70. Kanarek, N. et al. Histidine catabolism is a major determinant of methotrexate sensitivity. Nature 559, 632–636 
(2018). 
71. Garcia-Barrio, M. et al. Serine 577 Is Phosphorylated and Negatively Affects the tRNA Binding and eIF2α Kinase 
Activities of GCN2. J. Biol. Chem. 277, 30675–30683 (2002). 
72. Dever, T. E. et al. Phosphorylation of initiation factor 2 alpha by protein kinase GCN2 mediates gene-specific 
translational control of GCN4 in yeast. Cell 68, 585–596 (1992). 
73. Harding, H. P. et al. Regulated translation initiation controls stress-induced gene expression in mammalian cells. 
Mol. Cell 6, 1099–1108 (2000). 
74. Ye, J. et al. GCN2 sustains mTORC1 suppression upon amino acid deprivation by inducing Sestrin2. Genes Dev. 29, 
2331–2336 (2015). 
75. Zhao, E. et al. KDM4C and ATF4 Cooperate in Transcriptional Control of Amino Acid Metabolism. Cell Rep. 14, 
506–519 (2016). 
76. Boutard, V. et al. Transforming growth factor-beta stimulates arginase activity in macrophages. Implications for 
the regulation of macrophage cytotoxicity. J. Immunol. Baltim. Md 1950 155, 2077–2084 (1995). 
77. Lee, G. K. et al. Tryptophan deprivation sensitizes activated T cells to apoptosis prior to cell division. Immunology 
107, 452–460 (2002). 
78. Rodriguez, P. C., Quiceno, D. G. & Ochoa, A. C. l-arginine availability regulates T-lymphocyte cell-cycle progression. 
Blood 109, 1568–1573 (2007). 
79. Zea, A. H. et al. Arginase-producing myeloid suppressor cells in renal cell carcinoma patients: a mechanism of 
tumor evasion. Cancer Res. 65, 3044–3048 (2005). 
80. Munn, D. H. et al. GCN2 Kinase in T Cells Mediates Proliferative Arrest and Anergy Induction in Response to 
Indoleamine 2,3-Dioxygenase. Immunity 22, 633–642 (2005). 
81. Thomas, S. R., Mohr, D. & Stocker, R. Nitric oxide inhibits indoleamine 2,3-dioxygenase activity in interferon-
gamma primed mononuclear phagocytes. J. Biol. Chem. 269, 14457–14464 (1994). 
82. Holmgaard, R. B. et al. Tumor-Expressed IDO Recruits and Activates MDSCs in a Treg-Dependent Manner. Cell Rep. 
13, 412–424 (2015). 
83. Cronin, S. J. F. et al. The metabolite BH4 controls T–cell proliferation in autoimmunity and cancer. Nature 563, 
564–568 (2018). 
84. Amino-acid content of foods and biological data on proteins. http://www.fao.org/3/AC854T/AC854T00.htm. 
85. Aquaculture Feed and Fertilizer Resource Atlas of the Philippines. 
http://www.fao.org/3/W6928E/w6928e00.htm#Contents. 
86. Harvie, M. N. & Howell, T. Could Intermittent Energy Restriction and Intermittent Fasting Reduce Rates of Cancer 
in Obese, Overweight, and Normal-Weight Subjects? A Summary of Evidence12. Adv. Nutr. 7, 690–705 (2016). 
87. Patterson, R. E. & Sears, D. D. Metabolic Effects of Intermittent Fasting. Annu. Rev. Nutr. 37, 371–393 (2017). 
88. Mattson, M. P., Longo, V. D. & Harvie, M. Impact of intermittent fasting on health and disease processes. Ageing 
Res. Rev. 39, 46–58 (2017). 
89. Antunes, F. et al. Autophagy and intermittent fasting: the connection for cancer therapy? Clinics 73, (2018). 
90. Tisdale, M. J. Cachexia in cancer patients. Nat. Rev. Cancer 2, 862–871 (2002). 
91. Aoyagi, T., Terracina, K. P., Raza, A., Matsubara, H. & Takabe, K. Cancer cachexia, mechanism and treatment. World 
J. Gastrointest. Oncol. 7, 17–29 (2015). 
92. Beck, S. A. & Tisdale, M. J. Nitrogen excretion in cancer cachexia and its modification by a high fat diet in mice. 
Cancer Res. 49, 3800–3804 (1989). 
93. Durham, W. J., Dillon, E. L. & Sheffield-Moore, M. Inflammatory burden and amino acid metabolism in cancer 
cachexia. Curr. Opin. Clin. Nutr. Metab. Care 12, 72–77 (2009). 
94. Naito, T. Emerging Treatment Options For Cancer-Associated Cachexia: A Literature Review. Ther. Clin. Risk Manag. 
15, 1253–1266 (2019). 
95. Baldwin, C. The effectiveness of nutritional interventions in malnutrition and cachexia. Proc. Nutr. Soc. 74, 397–
404 (2015). 
96. Zick, S. M., Snyder, D. & Abrams, D. I. Pros and Cons of Dietary Strategies Popular Among Cancer Patients. Oncol. 
Williston Park N 32, 542–547 (2018). 
97. World Cancer Research Fund/American Institute of Cancer Research. Diet, Nutrition, Physical Activity and Cancer: 
a Global Perspective. Continuous Update Project Expert Report 2018. www.wcrf.org/dietandcancer. 
98. Suchner, U., Kuhn, K. S. & Fürst, P. The scientific basis of immunonutrition. Proc. Nutr. Soc. 59, 553–563 (2000). 
99. Yu, K. et al. Immunonutrition vs Standard Nutrition for Cancer Patients: A Systematic Review and Meta-Analysis 
(Part 1). JPEN J. Parenter. Enteral Nutr. (2019) doi:10.1002/jpen.1736. 
100. Vanderhoof, J. A. Immunonutrition: the role of carbohydrates. Nutr. Burbank Los Angel. Cty. Calif 14, 595–598 
(1998). 
101. Canfora, E. E., Jocken, J. W. & Blaak, E. E. Short-chain fatty acids in control of body weight and insulin sensitivity. 
Nat. Rev. Endocrinol. 11, 577–591 (2015). 
102. Akramiene, D., Kondrotas, A., Didziapetriene, J. & Kevelaitis, E. Effects of beta-glucans on the immune system. 
Med. Kaunas Lith. 43, 597–606 (2007). 
103. de Graaff, P., Govers, C., Wichers, H. J. & Debets, R. Consumption of β-glucans to spice up T cell treatment of 
tumors: a review. Expert Opin. Biol. Ther. 18, 1023–1040 (2018). 
104. Aleem, E. β-Glucans and their applications in cancer therapy: focus on human studies. Anticancer Agents Med. 
Chem. 13, 709–719 (2013). 
105. Cheung, P. C. K. Mini-review on edible mushrooms as source of dietary fiber: Preparation and health benefits. 
Food Sci. Hum. Wellness 2, 162–166 (2013). 
106. Poon, P. M. K. et al. Immunomodulatory effects of a traditional Chinese medicine with potential antiviral activity: 
a self-control study. Am. J. Chin. Med. 34, 13–21 (2006). 
107. He, J. & Hou, X. The potential contributions of traditional Chinese medicine to emergency medicine. World J. 
Emerg. Med. 4, 92–97 (2013). 
 
  
  
 
Figure 1. Besides as constituents for protein synthesis, AAs provide carbon and 
nitrogen sources for the syntheses of nucleobases, and consume a large portion of 
ATP. A. AAs including asparate, glutamine, serine and glycine provide the essential carbon 
and nitrogen sources for the syntheses of nucleobases 17. Those carbons and nitrogens 
highlighted in various colors represent their original sources, such as asparate (brown), 
glutamine (blue), serine and folate cycle (purple), glycine (green) and bicarbonate radical 
(tan). B. The proportions of ATP-consuming processes in thymocytes 3. AA metabolism may 
use up to ~58% of the total ATP consumption including protein synthesis (~33%) and 
nucleotide synthesis (~25%). 
 
  
 
Figure 2. A summary of AA abundances in human, plants and animals. AAs are 
represented by single-letter codes: A - alanine, C - cysteine, D - aspartic Acid, E - glutamic 
Acid, F - phenylalanine, G - glycine, H - histidine, I - isoleucine, K - lysine, L - leucine, M - 
methionine, N - asparagine, P - proline, Q - glutamine, R - arginine, S - serine, T - threonine, 
V - valine, W - tryptophan and Y - tyrosine. A. Sorted percentages of AAs in human proteins. 
The percentages of twenty AAs for all proteins in the human proteome (Uniport: 
UP000005640) were sorted and plotted from the largest to the smallest percentage. B. 
Sorted percentages of EAAs in human proteins. The arbitrary number of proteins in the 
human proteome is plotted with a log scale for clarity, especially EAA enrichment information. 
C. A 3D-bubble plotting for AA percentages in the proteomes of human, plants and animals. 
human AA abundances are represented as the width of bubbles. D. Enriched GO-MF terms 
(p < 0.001) for lysine ERPs.  
  
  
Figure 3. A schematic of AA sensors and signalling in metabolism. Sestrin-2 and LRS 
are cytosolic leucine sensors; arginine also has two sensors: a cytosol sensor - CASTOR1 
and a lysosomal sensor - SLC38A9; methionine is indirectly sensed by SAM sensor – 
SAMTOR; Arf-1 relays the glutamine signals for mTORC1 activation. The methionine cycle 
and folate cycle are two functional modules connected and involved in one-carbon 
metabolism, which is involved in mitochondrial protein synthesis, nucleotide metabolism, 
glutathione and NAPDH syntheses. AA deficiency is sensed by GCN2 through binding to 
uncharged tRNA. GCN2 activation represses the translation of most mRNAs but selectively 
increases the translation of ATF4/GCN4. IFN-g upregulates the tryptophan-catabolizing 
activity of IDO, while TGF-b can activate ARG1 in macrophages. The depletion of tryptophan 
or arginine leads to the proliferative arrest, anergy induction or apoptosis of T cells via GCN2 
activation. ATF4 can upregulate AA metabolism including AA synthetases (including 
asparagine and serine), transporters (such as glutamine) and sensors (sestron-2) for cancer 
cell proliferation. Those words highlighted in red represent the upregulated biologic 
processes in cancer cells. LRS: leucyl-tRNA synthetase; SAM: S-adenosylmethionine; TPH: 
tryptophan hydroxylase; IDO: indoleamine 2,3-dioxygenase; TDO: tryptophan-2,3-
dioxygenase; Arf-1: ADP ribosylation factor 1; IFN-g: Interferon gamma; TGF-b: transforming 
growth factor beta.  
  
Figure 4. AA abundances for 11 FAO terms and some common foods for AA restriction 
strategies. AAs are represented by single-letter codes as Figure 2. A. The heatmap for ~300 
foods in 11 FAO terms. The green represented low abundances of AAs while the red 
represented the enrichment of AAs. The AA heatmap demonstrates that some FAO terms 
almost all contain low level of protein, including starch roots and tubers, vegetables or fruit. 
B. Common foods chosen in those FAO terms low in protein. These foods (not a full list) low 
in protein are carded and recommended as samples for AA restriction strategies. QPM 
(maize opaque-2) is not a recommendation for AA restriction, but used as a reference for AA 
abundances. Normal maize used as feedstuffs from Philippines, China and USA are all low in 
lysine which abundance is about one-sixth of the value in QPM, and tryptophan abundance 
in normal maize is about half of the value in QPM. The listed starch roots and tubers, 
vegetables and fruit are all good fit for AA restriction strategies, especially mushrooms like 
immunonutrition.  
 
